ABSTRACT
INTRODUCTION
Cilia are cellular projections of organisms as diverse as green algae and mammals. Conserved across these large phylogenetic distances are a common set of structural features that define cilia: all cilia are generated from a basal body, a cylinder comprised of triplet microtubules arranged with nine-fold symmetry [1] [2] [3] [4] . Two of the three basal body microtubules project distally to form the ciliary axoneme 5 . The axoneme is ensheathed by a ciliary membrane that is contiguous with the plasma membrane. Between the basal body and the axoneme, and separating the plasma membrane from the ciliary membrane, is the transition zone. Electron micrographs of the transition zone from diverse organisms have identified Y-shaped densities, called Y links, with the stem anchored at the microtubule doublet and the two arms attached to the ciliary membrane 6 . The set of molecular components that comprise the Y links has been unclear, as has the arrangement of transition zone proteins.
Ciliopathies are human diseases caused by defective ciliary function. Several ciliopathies are caused by mutations in genes encoding transition zone components 7, 8 . NPHP1, NPHP4, and RPGRIP1L encode transition zone components and are mutated in NPHP, characterized by kidney cysts and fibrosis 9, 10 . Another subset of transition zone genes including, B9D1, TCTN1, TCTN2, TMEM231, and RPGRIP1L, are mutated in MKS, a lethal ciliopathy characterized by kidney cysts, polydactyly and occipital encephalocele. Mutations in NPHP1, TCTN1, TCTN2, TMEM231, RPGRIP1L and ARL13B also cause JBTS, characterized by hypoplasia of the cerebellar vermis [11] [12] [13] [14] [15] [16] [17] [18] . JBTS-affected individuals exhibit hypotonia, ataxia, and cognitive disability, and can exhibit kidney cysts, polydactyly, liver fibrosis, and retinal dystrophy leading to blindness 19 . Consistent with their associations with different diseases, RPGRIP1L, NPHP1
and NPHP4 are components of a protein complex called the NPHP complex, whereas B9D1, TCTN1, TCTN2 and TMEM231 are components of a distinct complex called the MKS complex 14, 20, 21 . In C. elegans, a homolog of RPGRIP1L is required for the transition zone localization of both the NPHP and MKS complexes 22, 23 . Although the means by which cilia transduce intercellular signals are becoming clearer, how JBTS-associated mutations affect those functions remains obscure.
Befitting its position at the border between the plasma and ciliary membranes, the transition zone helps define the composition of the ciliary membrane. Genetic disruption of the transition zone in the mouse, C. elegans, or C. reinhardtii can disrupt the ciliary localization of membraneassociated proteins [24] [25] [26] . For example, an essential mediator of the vertebrate Hedgehog 5 like SMO pause on their way to or from the ciliary membrane. We found that human JBTSassociated RPGRIP1L mutations reduce the localization of SMO at the transition zone and the ciliary membrane, underscoring the importance of an intact transition zone for Hedgehog signaling in development and JBTS. The approach to determining the relative three dimensional positions of proteins used here elucidates how ciliopathy mutations disrupt transition zone architecture and will be applicable to elucidating how other human disease mutations compromise other supra-molecular, sub-organellar assemblies.
RESULTS

NPHP and MKS complex components form discontinuous, concentric, nested rings within the transition zone
To assess differences in the arrangement of proteins associated with the ciliopathies Meckel Syndrome, Joubert syndrome, or nephronophthisis, we began by visualizing the transition zone of mouse tracheal epithelial cells (mTECs) using multicolor 3D-SIM. mTECs produce hundreds of cilia per cell, uniformly extend their cilia from the apical surface, and orient their cilia along the plane of the epithelial surface, allowing us to correlate cilia within an image. SIM revealed that mammalian NPHP1 was distributed in a ring in the transition zone of each cilium ( Figure 1A ).
The transition zone has been proposed to regulate ciliary membrane composition by acting as a membrane diffusion barrier 21 . We used single-color STORM to better resolve the distributions of ciliary proteins. The distal appendage protein CEP164 formed clusters arranged in a ring (Figure 1B) , consistent with previously published observations 29 . Interestingly, we found that the rings of the transition zone proteins RPGRIP1L, NPHP1, TMEM231, and B9D1 were also comprised of discrete clusters, in contrast to continuous membrane diffusion barriers such as those based on Septin assemblies ( Figure 1C-F) .
Positioning of a transition zone protein in a cylindrical coordinate system (with the z axis along the cilium axis) requires the determination of three coordinates: the radial distance to the cilium axis, the angular position in the plane perpendicular to the cilium axis, and the proximodistal position along the cilium axis. For the radial distance, we measured the diameters of the rings formed by transition zone components by performing a robust fit 37 of each ring structure to an ellipse (see Methods for details). Of the transition zone proteins assessed, the TMEM231 ring had the largest average diameter (328 nm ± 10 nm, n = 30, mean ± standard deviation shown here and for all subsequent diameter measurement results, Figure 1C and 1G). TMEM231 is a two-pass transmembrane protein likely to be present within the transition zone membrane 16 .
RPGRIP1L, a protein with coiled-coil domains and C2 domains, comprised a ring of the smallest diameter (271 nm ± 9 nm, n = 23, Figure 1D and 1G). NPHP1 (283 nm ± 12 nm, n = 46) and B9D1 (312 nm ± 25 nm, n = 27) rings exhibited diameters intermediate to those of TMEM231 and RPGRIP1L ( Figure 1E , 1F, and 1G). The distal appendage component CEP164 comprised a ring larger than that of any of the transition zone components (404 nm ± 30 nm, n = 31) ( Figure 1B and 1G ). These measurements suggest that these transition zone proteins comprise concentric nested rings, with CEP164 outside the transition zone, TMEM231 coincident with the transition zone membrane and B9D1, NPHP1, and RPGRIP1L rings being successively closer to the axoneme ( Figure 1G ).
The NPHP and MKS complexes are organized into nine-fold symmetric doublets
As the transition zone rings were comprised of non-continuous clusters, we investigated whether these clusters were randomly or non-randomly positioned along the ring circumference.
Because of the imperfect labeling efficiency of primary and secondary antibodies, we often observed incomplete rings with potentially missing clusters. For example, the distal appendage component CEP164 typically showed 6 to 9 clusters ( Figure 1B ), similar to previously observations using STED microscopy 29 . To compensate for imperfect labeling, we aligned and averaged the STORM images of multiple structures using an algorithm similar to that used for averaging single-particle cryo-electron microscopy images (see Methods for details). The averaged image of CEP164 clearly showed 9 clusters with a symmetrical distribution around the ring (Figure 2A, right) . In striking contrast, many TMEM231 and NPHP1 rings contained more than 9 clusters ( Figures 1C and E) , some of which were doublets oriented tangential to the ring circumference (yellow arrows in Figure 1C , E and F). Also unlike CEP164, the averaged images of transition zone proteins NPHP1 and TMEM231 did not reveal nine-fold symmetry (Figures 2B Right, C Right and D Right), suggesting that the arrangement of transition zone proteins is more complex or heterogeneous than that of distal appendages. Moreover, increasing the number of images for averaging did not improve the result, further implicating structural heterogeneity.
To analyze the angular relationship between these clusters more quantitatively, we generated an angular position histogram of STORM localization points for each ring structure, identified clusters in the histogram using multi-Gaussian-peak fitting, calculated the spacing between the center of adjacent clusters, and then pooled nearest-cluster spacing values from all images to generate a final histogram for each analyzed protein (Figures 2E-H) (see Methods for details).
When focusing on the smaller angle range, this nearest-cluster spacing analysis was less sensitive to continuous structural deformations than is global image alignment and averaging.
Unlabeled clusters generated nearest-cluster spacing values in a larger angle range that are not included in subsequent analyses. In nearest-cluster spacing analysis, clusters of random angular distribution resulted in no detectable peaks ( Figure 2I ), whereas 9 clusters symmetrically distributed around a ring resulted in a peak at 40° ( Figure 2J ). The latter was close to the observed angle for CEP164 ( Figure 2E ) (peak position at 37 ± 2°, n = 125 structures, uncertainty calculated by bootstrapping here and for subsequent angular analyses).
Consistent with the observation of more than nine NPHP1, TMEM231 and RPGRP1L clusters per ring, the spacing between most clusters of these proteins was smaller than 40° ( Figures 2F-H ). Multi-Gaussian-peak fitting results of the histograms consistently converged to three peaks (> 80% of the boot-strapped histograms producing 3-peak fitting results even in the noisiest case of RPGRIP1L), two major peaks at around 14° and 23° (13 ± 1° and 23 ± 2° for NPHP1, n = 71 structures, 14 ± 1° and 20 ± 1° for TMEM231, n = 75 structures, and 14 ± 1° and 30 ± 1° for RPGRIP1L, n = 51 structures), and a minor peak at around 40°. This distribution was analogous to that produced by a simulated ring consisting of 9 symmetric doublets of clusters with one cluster unlabeled ( Figure 2K ). This simulation generated two major peaks, corresponding to intra-doublet and inter-doublet angles, which sum to 40°. In addition, the simulation generated a third, minor peak at 40°, corresponding to inter-doublet angles in which one cluster is unlabeled. Thus, the arrangement of rings composed by individual MKS and NPHP complex proteins can be modeled as a planar wheel comprised of nested rings comprised of nine symmetrically distributed doublets, each having an intra-doublet spacing of about 14°. 
NPHP1 and the MKS complex occupy the same proximodistal position in the transition zone
To map the third axis required to build a full model of the transition zone, we measured the axial positions of the transition zone rings along the ciliary axis. To register multiple transition zone components with the CEP164 ring as a common reference point, we used two-color 3D STORM. More specifically, we devised a self-aligned two-color STORM scheme using twochannel imaging of two spectrally overlapping reporter dyes to avoid the need for a separate channel registration (see Methods for details). We performed our measurements using both motile mTEC cilia and IMCD3 primary cilia. Two-color 3D-STORM confirmed that the CEP164 ring is larger than the NPHP1 ring and revealed that the two rings are concentric ( Figure 3A) .
Using side views, we fitted the axial projections of CEP164 and NPHP1 with two Gaussian peaks, which revealed that the NPHP1 ring is 103 nm ± 36 nm (mean ± standard deviations here and for subsequent distance and thickness measurements, n = 5) distal to the CEP164 ring and has a thickness of 122 ± 36 nm (width at half maximum of the Gaussian fitting).
To assess the position of the MKS complex, we also examined the axial position of the MKS complex components TMEM231 and B9D1. Two-color 3D STORM of CEP164 and either TMEM231 or B9D1 revealed that, like NPHP1, TMEM231 and B9D1 comprise rings within the concentric CEP164 ring ( Figure 3B and C). Side views showed that the TMEM231 and B9D1 rings are 115 ± 16 nm (n = 12) and 91 ± 40 nm (n = 5) distal to CEP164, respectively ( Figure 3B and C). The thickness of TMEM231 and B9D1 rings are 114 ± 61 and 97 ± 50 nm respectively.
The similar distances of the NPHP complex member NPHP1 and the MKS complex member TMEM231 from CEP164 suggested that they occur at the same region along the ciliary proximodistal axis. Indeed, two-color 3D STORM of NPHP1 and TMEM231 confirmed that they form similar sized rings at the same proximodistal position along the cilium ( Figure 3D ).
With the measured radial, angular and axial distributions of transition zone components, we rendered a 3D model of protein localization within the transition zone ( Figure 3E ). This model illustrates that the MKS and NPHP complexes are arranged as doublets with different radial distances within the transition zone. These doublets are nine-fold symmetric, and likely to represent the arms of the Y links connecting the ciliary membrane to the Y link stem anchored at the microtubule doublet. As revealed by two color 3D STORM, the middle of the transition zone MKS and NPHP rings is approximately 110 nm distal to the distal appendages, and the transition zone extends for about 120 nm along the ciliary axis.
SMO and other ciliary proteins accumulate at the transition zone
A critical role for the transition zone is to control the composition of the ciliary membrane. One ciliary membrane component essential for Hedgehog signaling and misactivated in diverse cancers is SMO, a seven-pass transmembrane protein 38 . SMO accumulation in the cilium and subsequent pathway activation requires the transition zone MKS complex [14] [15] [16] 21 . Hedgehog binding to its receptor, PTCH1, promotes the exit of PTCH1 from the cilium, and allows SMO to accumulate in the cilium 39, 40 . Loss of PTCH1 leads to constitutive SMO localization to the cilium (as observed in Ptch1 -/-mouse embryonic fibroblasts [MEFs], Supplementary Figure 1 ) and constitutive pathway activation, an event that causes both basal cell carcinoma 41, 42 and medulloblastoma 43, 44 . Recent single molecule studies of SMO have revealed that SMO pauses at an area near the ciliary base 36 . To determine where SMO localizes at the ciliary base, we visualized the position of SMO relative to the distal appendages and the transition zone using two-color SIM and 3D STORM. Wild-type unstimulated fibroblasts do not localize SMO to the ciliary membrane, as expected ( Figure 3F ). Wild-type fibroblasts treated with Smoothened Agonist (SAG), a chemical activator of Hh signaling 45 , showed an accumulation of SMO at a region of the ciliary base distal to the distal appendages marked with CEP164 ( Figure 3F ).
Similarly, Ptch1 -/-MEFs, in which Hh signaling is active, displayed SMO along the cilium in addition to an accumulation near the base ( Figure 3G , compared to wild type scenario in Supplementary Figure S1 ).
To precisely determine where SMO localizes at the ciliary base, we examined the distribution of SMO and NPHP1 using two color 3D STORM and found that SMO largely colocalizes with NPHP1 ( Figure 3G ). Indeed, quantitation of SMO position along the ciliary axis shows it at the same position as NPHP1 ( Figure 3I ), indicating that SMO accumulates at the transition zone.
Another protein that localizes to the ciliary membrane is ADCY3 46, 47 , a transmembrane adenylyl cyclase involved in olfaction, adiposity, and male fertility [48] [49] [50] . Like SMO, ADCY3 accumulated at the transition zone ( Figures 3H and I ), suggesting that pausing at the transition zone may be a general characteristic of ciliary membrane proteins.
For comparison, we also examined the localization of intraflagellar transport (IFT)-B complex component IFT88. The IFT-B complex is required to carry many ciliary proteins across the transition zone to the ciliary tip. Consistent with previous indications that the IFT-B complex is assembled at the distal appendages 51 , IFT88 prominently colocalized with CEP164 ( Figure 3F ).
A less prominent accumulation of IFT88 was also observed distal to the distal appendages ( Figure 3F ). Two color 3D STORM confirmed that IFT88 predominantly localizes 110 nm proximal to the transition zone, consistent with the distal appendages, with a smaller accumulation colocalizing with NPHP1 at the transition zone ( Figures 3H and I ). The enrichment of SMO, ADCY3 and IFT88 at the transition zone suggests that the transition zone is a waypoint for diverse proteins entering or leaving the cilium.
JBTS-associated mutations in TCTN2 disrupt MKS and NPHP complex localization to transition zone
Many of the more than 30 proteins associated with JBTS are components of the transition zone 27 . Mutations in TCTN2 cause JBTS24 20 , but understanding of how remains obscure. To assess how TCTN2 functions in the human transition zone, we examined how JBTS-associated compound heterozygous mutations in TCTN2 affected the composition of the transition zone and ciliary membrane. The JBTS-affected individual is compound heterozygous for a missense mutation (G373R) and a frame shift mutation (D267fsX26) in TCTN2, whereas the two unaffected siblings (identical twins) are heterozygous for the missense mutation (G373R) and a wild type allele 52 .
SIM and fluorescence intensity quantitation of control and TCTN2 mutant fibroblasts revealed that TCTN2 was reduced at the transition zone by 72% ± 3% (mean difference ± standard error We further investigated whether TCTN2 mutations also affect the NPHP complex by assessing the localization of RPGRIP1L and NPHP1, two NPHP complex members mutated in JBTS 17, 53 .
TCTN2 mutant fibroblasts displayed a 53% ± 6% (n = [144-4, 144-3; 74, 50]) reduction of In mice, the MKS complex is critical for the ciliary localization of ARL13B, a small GTPase 13 . As mutations in ARL13B also cause JBTS 54 , we examined whether JBTS-associated mutations in TCTN2 affect the ciliary localization of ARL13B. TCTN2 mutant fibroblasts displayed a 37% ± 5% (n = [144-4, 144-3; 72, 84]) reduction of ARL13B at the cilium ( Figure 4B ). Thus, JBTSassociated mutations in TCTN2 disrupt the composition of the transition zone and diminish the ciliary localization of the JBTS-associated protein ARL13B.
NPHP1 has a subtle role in organizing the transition zone
To assess how NPHP1 functions in the transition zone, we examined how mutation of Nphp1 in mouse embryonic fibroblasts affected the composition of the transition zone and ciliary Figure 5A ). To begin to examine the consequences of loss of RPGRIP1L function, we assessed whether RPGRIP1L participates in the localization of NPHP1. We found that NPHP1 was dramatically reduced by 85% ± 7% (n = [15-6, 15-4; 101, 58] ) from the transition zones of cells from JBTS-associated RPGRIP1L mutations ( Figure 5A ). Thus, human RPGRIP1L is required for the transition zone localization of NPHP1, but NPHP1 has only a minor role in localizing RPGRIP1L to the transition zone ( Figure   4C ).
We further investigated whether RPGRIP1L mutations also affect the MKS complex components TMEM231 and TCTN2. TCTN2 and TMEM231 were both reduced within the transition zones of RPGRIP1L mutant cells (TCTN2 was reduced 56 ± 5%, n = [15-6, 15-4; 102, 80]; TMEM231 was reduced 62% ± 5%, n = [15-6, 15-4; 58, 50], Figure 5A ). Thus, human RPGRIP1L is required for the transition zone localization of both NPHP1 and MKS complex components.
In addition to RPGRIP1L and NPHP1, mutations in AHI1 cause JBTS 55, 56 . We therefore examined whether RPGRIP1L affects the transition zone localization of AHI1. Like NPHP1, TCTN2, and TMEM231, established components of the NPHP and MKS complexes, AHI1 localized predominantly at the transition zone in a way that depended on RPGRIP1L (65 ± 6% reduction, n = [15-6, 15-4; 100, 69], Figure 5A ).
To assess transition zone function, we examined whether JBTS-associated mutations in RPGRIP1L affect the ciliary localization of ARL13B. ARL13B levels were reduced by 49% ± 6%, n = (15-6, 15-4; 67, 33) in the fibroblasts of JBTS-affected individuals ( Figure 5B ). Thus, not only does JBTS-associated mutations in TCTN2 ( Figure 4A ) disrupt the composition of the transition zone, JBTS-associated mutation of RPGRIP1L does as well, and both proteins are required to promote the ciliary localization of the JBTS-associated protein ARL13B.
Mutation of mouse Rpgrip1l leads to altered Hedgehog signaling 57 . As RPGRIP1L is required for the organization of the transition zone and the transition zone is a waypoint for SMO entering or leaving the cilium, we hypothesized that JBTS-associated mutations affect SMO localization to cilia. To test this hypothesis, we stimulated cells with the SMO agonist SAG and assessed SMO localization. In wild type human fibroblasts, SMO did not localize to cilia in the absence of SAG and accumulated within cilia in the presence of SAG, as expected ( Figure 5C ). In contrast, SAG stimulation only poorly induced the ciliary localization of SMO in fibroblasts of RPGRIP1L mutant cells; SMO levels in the cilium were reduced by 78% ± 9%, (n = [15-6 +SAG, 15-4 +SAG; 22, 21], Figure 5C ). Moreover, we did not observe SMO docking within the transition zone in RPGRIP1L mutant fibroblasts ( Figure 5C ). Thus, JBTS-associated mutations in RPGRIP1L disrupt the composition of the transition zone, diminishing the ciliary localization of JBTS-associated proteins such as ARL13B and essential developmental regulators such as SMO.
JBTS mutations in RPGRIP1L disrupt transition zone architecture
To further assess how RPGRIP1L functions in the human transition zone, we examined how JBTS-associated RPGRIP1L mutations affected the organization of the transition zone and ciliary membrane proteins. 3D STORM of control fibroblasts from an unaffected sibling and a JBTS-affected individual revealed that the JBTS-associated mutations in RPGRIP1L resulted in the loss of the RPGRIP1L ring in the transition zone ( Figure 6A ). To begin to examine the consequences of loss of transition zone RPGRIP1L, we assessed NPHP1 localization. We found that the NPHP1 ring was lost from the transition zones of RPGRIP1L mutant cells ( Figure   6A ). Thus, human RPGRIP1L is critical for the organization of the NPHP1 transition zone ring.
In addition to the NPHP ring, we investigated whether RPGRIP1L mutations affect the organization of the MKS ring components TMEM231 and TCTN2. STORM revealed that, although TCTN2 levels in the transition zone were reduced by ~60% in RPGRIP1L mutant cells ( Figure 5A ), the remaining TCTN2 formed a transition zone ring ( Figure 6A ). Thus, RPGRIP1L
regulates the quantity of TCTN2 in the transition zone, but the organization of TCTN2 into a ring is independent of RPGRIP1L. In contrast, the TMEM231 ring was lost from the transition zones of RPGRIP1L mutant cells ( Figure 6A ). Thus, human RPGRIP1L is required for the transition zone localization of both NPHP1 and TMEM231, but TCTN2 can form into a ring independently of RPGRIP1L.
To assess transition zone function, we examined whether JBTS-associated mutations in RPGRIP1L affect the ciliary localization of ARL13B. In an unaffected individual, ARL13B was present throughout the ciliary membrane and as a ring in the transition zone ( Figure 6B ). In RPGRIP1L mutant cells, the transition zone ring of ARL13B was present but ARL13B was reduced in the cilium ( Figure 6B ). Thus, JBTS-associated mutation of RPGRIP1L only partially disrupts the function of the transition zone as a ciliary gate, or more specifically a ciliary waypoint. Next we examined whether JBTS-associated mutations in RPGRIP1L affect the ciliary organization of SMO. In unaffected human fibroblasts, SMO did not localize to cilia in the absence of SAG and accumulated within cilia in the presence of SAG, as expected ( Figure 6C ).
Furthermore, SMO docked within the transition zone forming a ring in the presence of SAG ( Figure 6C ). In contrast, SMO failed to accumulate in the cilium in the JBTS-affected individual, and SMO did not form a ring in the transition zone ( Figure 6C ). Thus, JBTS-associated mutations in RPGRIP1L disrupt the composition and architecture of the transition zone, diminishing the levels and impairing the organization of ciliary membrane proteins, such as ARL13B. We propose that some forms of JBTS are transition zone-opathies whose phenotypes are caused by compromised ciliary signaling secondary to disruption of the transition zone architecture.
DISCUSSION
Structural mapping by super-resolution microscopy reveals that JBTS-associated proteins form nested rings of doublets in the transition zone
Super-resolution microscopy has recently emerged as a powerful tool for analyzing the molecular organization of large protein complexes 28, 31, [58] [59] [60] . Key to this approach is determining the relative position of complex components. Subsequent calculation of positional coordinates can enable the assembly of a 3D rendering of a complex or, in our case, a sub-organellar compartment. Despite this capability, to date structural mapping by super-resolution microscopy has been mostly limited to one-dimensional position measurement linearly 58, 59 or radially 28, 31, 60 organized structures. Here, we have demonstrated mapping of the ciliary base by analyzing the radial, angular and axial distribution of its components. To accomplish this mapping, we developed an angular distribution analysis method that is relatively insensitive to imperfect labeling efficiency and structural heterogeneities. We also demonstrated a self-registered, ratiometric two-color 3D STORM scheme that extracts channel registration information directly from the STORM raw data and determines the final position and color information from the two detection channels separately. Typically, two-color 3D STORM can be performed using either activator-reporter dye pairs 61 
The transition zone is a waypoint for diverse ciliary proteins
Mutation of any of several transition zone MKS complex components disrupts the ciliary localization of structurally diverse ciliary membrane-associated proteins 14, 16, 21 . Disruption of the transition zone also allows normally non-ciliary membrane proteins to leak into the cilium [21] [22] [23] .
Thus, the transition zone acts as a gate to allow some proteins to accumulate within the cilium, either by facilitating ciliary entry or preventing ciliary exit, and restrict the entrance of others.
This gating is essential for ciliary signaling and vertebrate development. For example, Hedgehog binding to PTCH1 allows SMO to accumulate at the cilium to activate the downstream Gli transcription factors 67 . We found that upon activation of the Hedgehog pathway, SMO accumulates at discrete clusters in the transition zone. Single-molecule imaging has shown that SMO exhibits primarily diffusive movement in the cilium with binding events in the vicinity of the ciliary base 36 . Using two-color STORM, we observed that these binding sites at the ciliary base are in the transition zone, highlighting the importance of the transition zone in regulating SMO trafficking to the cilium. As SMO localization to the transition zone requires RPGRIP1L, RPGRIP1L or RPGRIP1L-dependent proteins likely form the SMO binding sites.
This accumulation in the transition zone, together with the requirement for the MKS complex for ciliary localization, suggests that the transition zone acts as a way station for SMO on its entry or exit into or out of the cilium.
Previous studies have suggested that the transition zone may also be a diffusion barrier to prevent the ciliary exit of proteins like SMO. However, the distances between the transition zone complexes analyzed here suggests that proteins smaller than 50 nm could diffuse between them. As SMO has a width of 5 nm 68 , if the transition zone functions as a diffusion barrier, it must rely on proteins beyond those characterized here.
Why might ciliary proteins pause at the transition zone? One possibility is that the transition zone is the place where ciliary cargo is loaded onto the intraflagellar transport machinery entering the cilium. Consistent with the model of coordinated trafficking through the transition zone, IFT88 also accumulated at the transition zone ( Figures 3H and I ).
Joubert syndrome can be caused by transition zone disruption
The involvement of ciliary proteins in both Hh signaling and JBTS have suggested that disruptions in Hh signaling may underlie JBTS 69, 70 . Our data reveal that mutations in human TCTN2 that cause JBTS disrupt the localization of other JBTS-associated transition zone proteins including NPHP1, RPGRIP1L, and TMEM231. Moreover, mutations in human RPGRIP1L that cause JBTS disrupt the localization of JBTS-associated transition zone proteins NPHP1, TCTN2, TMEM231 and AHI1. Still other JBTS-associated transition zone proteins (e.g., CEP290, TMEM67, CC2D2A, TCTN1, TCTN3, B9D1 and MKS1) may well also depend on TCTN2 and RPGRIP1L for localization. Of interest, the requirement for human RPGRIP1L in localizing both NPHP and MKS components parallels the requirement for a RPGRIP1L homolog, MKS-5, in C. elegans 22, 23 . Thus, RPGRIP1L is a core organizer of the transition zone whose functions are evolutionarily conserved from nematodes to humans. In contrast, the sole member of the C. elegans Tectonic family is dispensable for MKS-5 transition zone localization 66 , indicating that the functions of other transition zone components may have changed over evolution.
We have previously reported that null mutations in genes encoding MKS complex components cause defects in murine ciliary membrane composition, including SMO, and are associated with disrupted Hh signaling 14, 20 . Here, we examined the effects of compound heterozygous JBTSassociated mutations in human RPGRIP1L and found that, like the MKS complex, RPGRIP1L is essential for SMO accumulation at the cilium in response to pathway activation. It seems likely that RPGRIP1L, by localizing the MKS complex to the transition zone, allows SMO to accumulate at the cilium and activate the downstream Hh pathway.
Unlike most JBTS-associated proteins, ARL13B localizes to the ciliary membrane. We found that JBTS-associated mutations in TCTN2 and RPGRIP1L compromise localization of ARL13B to the cilium. Thus, the diverse genes underlying JBTS may fall into one of at least three categories: 1) genes, such as TCTN2 and RPGRIP1L, that encode core components required for organizing the transition zone, 2) genes, such as NPHP1, that encode components of the transition zone not essential for its organization but contributing to its function, and 3) genes, such as ARL13B, that require the transition zone for ciliary localization. The generation of the transition zone super-assembly is critical for the localization of select membrane-associated proteins such as ARL13B and SMO to cilia, and perturbation of its architecture is one of the causes of JBTS. 
METHODS
Primary mouse tracheal epithelial cell culture
Primary mouse tracheal epithelial cultures were derived as described 71 
IMCD3 and fibroblast cell culture
IMCD3 cells were cultured in DMEM:F12 supplemented with 10% FBS. MEFs and human primary dermal fibroblasts were cultured in DMEM, Glutamax (Thermo Fisher), and 10% FBS.
For imaging, IMCD3 cells, MEFs, and human primary dermal fibroblasts were seeded at 2.5 x 10 4 cells/cm 2 and grown to confluency. Cells were starved of serum in Opti-MEM reduced serum medium for 24 hours to induce ciliogenesis.
Fixation and staining for immunofluorescence
mTEC filters were harvested at ALI day 14 and the apical and basal compartments were washed with phosphate buffered saline (PBS) three times. The filters were fixed by adding 4% paraformaldehyde (PFA) in PBS to the apical compartment and incubating at room temperature for ten minutes. The PFA was removed by washing the filter with PBS six times with at least one minute of incubation between washes. The filters were then treated with a solution of 1% sodium dodecyl sulfate (SDS) for five minutes in PBS to reveal antigens. The SDS solution was removed by washing the filter with PBS.
For SIM, filters were incubated in blocking buffer (PBS, 2.5 % BSA, 0.1 % Triton X-100, 0.02 % sodium azide) for ten minutes at room temperature. Primary antibodies were added to the filters in blocking buffer according as described in Table 1 . The filters were incubated overnight (~16 hours) at 4 degrees on a rocker. The filters were washed with PBT (PBS, 0.2% Triton X-100) six times with at least one minute of incubation between washes. Secondary antibodies were added at a dilution of 1:1000 and incubated for two hours in blocking buffer on an orbital shaker. The secondary antibody was removed by six washes with PBT buffer. The filters were mounted on slides in Prolong Gold containing 4',6-diamidino-2-phenylindole (DAPI). High performance coverslips were used, and the mounting medium was allowed to solidify for 16-24 hours before sealing the slides with nail polish and imaging.
For STORM, filters were incubated in blocking buffer for ten minutes at room temperature.
Primary antibodies were added to the filters incubating in blocking buffer according to the table of antibodies and concentrations ( Table 1 ). The filters were incubated with the primary antibody overnight (~16 hours) at 4 °C on a rocker. The filter was washed with PBT. Secondary antibodies were incubated for two hours at room temperature or overnight (~16 hours) at 4 °C on the filters in blocking buffer. The secondary antibody was removed by six washes with PBT.
Some samples for single color STORM were stained using labeled primary antibodies. In these cases, filters were incubated in blocking buffer for ten minutes at room temperature. Primary antibodies were added to the filters in blocking buffer at concentrations listed in Table 1 
Mounting filters in STORM buffer
After immunofluorescence staining, mTEC filters were mounted on slides and high-performance coverslips in PBS with the addition of 100 mM mercaptoethylamine at pH 8.5, 5% glucose (wt/vol) and oxygen scavenging enzymes [0.5 mg/ml glucose oxidase (Sigma-Aldrich), and 40 mg/ml catalase (Roche Applied Science)]. The buffer remains suitable for imaging for two hours.
SIM image acquisition
SIM data were collected on a N-SIM microscope in 3D-SIM mode using an Apo TIRF 100x oil NA 1.49 objective (Nikon) following standard operation procedures. Image reconstruction was using the NIS Elements software (Nikon).
STORM instrumentation
STORM experiments were performed on a custom-built microscope based on a Nikon Ti-U inverted microscope. Three activation/imaging photodiode lasers (Coherent CUBE 405, OBIS 561 and CUBE 642) were combined using dichroic mirrors, aligned, expanded and focused to the back focal plane of the objective (Nikon Plan Apo 100x oil NA 1.45). The lasers were controlled directly by the computer. A quadband dichroic mirror (zt405/488/561/640rpc, Chroma) and a band-pass filter (ET705/70m, Chroma) separated the fluorescence emission from the excitation light. The focus drift of the microscope sample stage during image acquisition was stabilized by a closed-loop focus stabilization system that sends an infra-red laser beam through the edge of the microscope objective and detects the back reflection from the sample coverglass with a CCD camera 35 .
After the emission light exits the microscope side port, we added a low-end piezoelectric deformable mirror (DM) (DMP40-P01, Thorlabs) at the conjugate plane of the objective pupil plane. This DM contains 40 actuators arranged in a circular keystone pattern. By first flattening the mirror and then manually adjusting key Zernike polynomials of the DM surface, we found that this DM has sufficient performance to correct aberrations induced by the optical system. We did not observe obvious depth-induced spherical aberrations caused by glass-water refractive index mismatch because transition zones we imaged were < 1 μm away from the coverglass surface. Moreover, after correcting the intrinsic aberrations, we increased the primary astigmatism Zernike coefficient of the DM surface to introduce astigmatism for 3D STORM. To experimentally generate a calibration curve of point spread function as a function of z, we immobilized Alexa 647-labeled antibodies on a coverglass and imaged individual molecules as the sample was scanned in z 35 . Compared to using a cylindrical lens 35 using the DM to introduce astigmatism did not cause magnification differences in the two lateral directions. It also allowed tractable optimization of the amount of astigmatism to achieve the best axial resolution. The Z localization precision (Z resolution) is estimated to be ~70 nm full width at half maximum (FWHM) based on the reconstructed STORM images. The Z focal depth is ~800 nm.
We measured the longitudinal distance between the transition zone and distal appendages by analyzing only transition zone structures with their axes close to the XY plane. Therefore, the precision was limited mostly by the XY resolution instead of Z resolution.
The fluorescence was subsequently split by a 705 nm beam splitter (T705lpxr, Chroma) to a long wavelength channel (ch1, >705 nm) and a short wavelength channel (ch2, <705 nm). The two channels were recorded at a frame rate of 57 Hz on an electron multiplying CCD camera (Ixon+ DU897E-CS0-BV, Andor). The split-view setup discriminates fluorescent labeled by small shifts (~20 nm) in their emission spectra, in this work Alexa Fluor 647 and Cy5.5. Because individual emitters were recorded in both long and short channels, the intensity ratio between the channels is sufficient to identify each emitter 72 .
STORM image acquisition and analysis
Photoswitchable dye pairs Alexa 405/Alexa 647 and Cy3/Cy5.5 were used for STORM imaging with a ratio of 0.8 Alexa 647 molecules per antibody, and 0.5 Cy5.5 per antibody. During the imaging process, the 405 nm and 561 nm activation lasers were used to activate a small fraction of the Alexa 647 and Cy5.5 reporters at a time, and individual activated fluorophores were excited with a 642 nm laser. The typical power for the lasers at the back port of the microscope was 30 mW for the 642 nm imaging laser and 0.5 to 5 μW for activation lasers.
Analysis of STORM raw data was performed in the Insight3 software 35 , which identifies and fits single molecule spots in each camera frame to determine their x, y and z coordinates as well as photon numbers. Sample drift during data acquisition were corrected using imaging correlation analysis. The drift-corrected coordinates, photon number, and the frame of appearance of each identified molecule were saved in a molecule list for further analysis.
To estimate position uncertainty, we considered several factors. First, we measured singlemolecule localization precision in our images to be ~15 nm (SD) by analyzing the relative position of the same photoactivated molecule appearing in consecutive frames. Second, the antibody size contributed additional error. Previous STORM of indirectly immunostained microtubules revealed that primary and secondary antibodies adds ~30 nm to the overall diameter 34 , suggesting a localization bias up to 15 nm in cases in which primary and secondary antibodies bind from a uniform direction. Given that we used polyclonal antibodies of all TZ targets, we did not anticipate biased binding orientation to occur. When the orientation of antibody binding is random, combining the 15 nm localization precision and a 30 nm uniform distribution from the antibodies (SD = 9 nm) results in an overall uncertainty of 17 nm (SD).
Ratiometric color identification and self-referenced registration
Because of the high labeling density for transition zone proteins, multi-color STORM utilizing activator-reporter dye pairs with different activation wavelengths 34 suffer from high cross-talk between color channels. Therefore, we choose to use reporter dyes with distinct emission spectra for two-color imaging. Typically, this approach uses a dichroic mirror to split the emission light into two distinct channels, most commonly two halves of the same camera chip.
The drawback, though, is that the two channels must be registered with nanometer accuracy. This registration requires additional calibration images acquired before every imaging experiment (e.g. using fluorescent beads). Moreover, three-dimensional channel registration could be complicated due to the chromatic aberrations between channels.
To overcome these inconveniences, we purposely used two reporter dyes which have substantial overlap in the emission spectra. We chose far-red photoswitchable cyanine dyes Alexa Fluo 647 and Cy5.5 because they have superior photoswitching characteristics than most shorter-wavelength dyes. In our system, approximately 60% of Alexa 647 emission and 48% of Cy5.5 emission went into the shorter wavelength channel and the rest into the longer wavelength channel. Because the same Cy5.5 molecule appears in both channels with approximately equal intensity, the STORM data itself contains channel registration information.
We extracted this information by first manually identifying 3-4 pairs matched spots in the two channels to calculate crude registration information, then automatically identify all matched spots in ~ 1000 STORM frames using this crude registration information, and finally determine a polynomial coordinate transform function between the two channels with a least square fitting to the coordinates of these matched spots. The least square fitting can be performed for just the xy coordinates or for all xyz coordinates. In this work, we only performed 2D registration for the subsequent determination of color identity. The polynomial transform function is: x c = A 0 + A 1 x + B 1 y + A 2 x 2 + C 2 x y + B 2 y 2 + A 3 x 3 + C 31 x y 2 + C 32 x 2 y + B 3 y 3 ; y c = E 0 + E 1 y + F 1 x + E 2 y 2 + G 2 x y + F 2 x 2 + E 3 y 3 + G 32 x 2 y + G 31 With the 2D registration information, all spots identified in the short wavelength channel (containing both Alexa 647 and Cy5.5) were mapped to the longer wavelength cannel to calculate the corresponding intensity. The color identity of each single molecule spot was then determined based on the intensities in the two channels, I S and I L . Using samples labeled with only one of the two dyes, we generated a calibration plot in the log(I S )-log(I L ) representation, with areas corresponding to the two dyes cleanly separated by a straight line. The crosstalk between the two channels is approximately 15%.
To construct the final super-resolution image, we used the coordinate information from only the shorter wavelength channel so that the two colors are perfectly aligned without chromatic aberration. Although this approach sacrifices spatial resolution because some of the emission photons are in the longer wavelength detection channel, we found that the final spatial resolution was sufficient for our study. In applications demanding better spatial resolution, it would be straightforward to merge the positional information from both channels utilizing the channel registration information extracted from the STORM data itself.
Diameter measurement
We robust-fitted each ring structure imaged by STORM to an ellipse 37 . We chose robust fit instead of least square fit to avoid outlier effects from noise localization points in the STORM image. The diameter of a circle with the same perimeter of the ellipse was considered as the diameter of its corresponding structure. The diameter of structure formed by each kind of protein was determined by averaging about 30 fitted structures. The proteins we measured were NPHP1, TEM231, B9D1 and RPGRIP1L in the transition zone, and CEP164 in distal appendages.
Image alignment using discrete Fourier transform (DFT) and cross correlation
The alignment algorithm is a modified version of image registration 73 that achieved efficient subpixel image registration by upsampled DFT cross correlation and takes into account sample rotation. Briefly, the original algorithm (1) obtains an initial 2D shift estimate of the cross correlation peak by fast Fourier transforming (FFT) a image to register and a reference image, (2) and then refines the shift estimation by upsampling the DFT only in a small neighborhood of that estimate by means of a matrix-multiply DFT. We modified step (1) by rotating the image to align from 0 to 359° by 1° at a step, and then performing original step (1) after each rotation step to obtain 360 cross correlation peaks. The biggest peak provides not only the initial 2D shift estimate but also the optimal angle of rotation. The initial 2D shift estimate then goes through the same step (2) in the original algorism to achieve subpixel alignment. The images of single structure were aligned for 10 iterations. The superimposition of all images was used as the reference image for the first iteration. Each image was translated and rotated to the reference image to maximize the cross correlation between the image to align and reference image in Fourier domain. The superimposition of the images aligned in one iteration was used as the reference image for the next iteration. Our algorithm aligned the images within 1/100 of a pixel.
Nearest-cluster angular spacing analysis and bootstrapping
The nearest-cluster angular spacing analysis is based on the coordinates in STORM images.
To analyze the angles between nearest clusters in the transition zone protein and CEP164 rings, we (1) smooths the first derivative of the histogram, detects downward-going zero-crossings, and takes only those zero crossings whose slope exceeds a certain predetermined minimum (called the slope threshold) t a point where the original signal exceeds a certain minimum (called the amplitude threshold"). We set the smooth width, slope threshold, and amplitude threshold for the algorithm, and kept these parameters constant for CEP164 ( Figure 2E ) and transition zone proteins ( Figure 2F-H) .
Quantitation of fluorescence intensity in human fibroblasts
Confocal images of cilia were collected on a Leica SPE laser-scanning confocal equipped with four laser lines (405 nm, 488 nm, 551 nm, and 635 nm) and an ACS APO 63x/1.30 NA oil objective lens. The fluorescence intensity of individual cilia and transition zones in confocal micrographs was measured using Fiji software 74 . The average background fluorescence intensity in the vicinity of each transition zone and cilium was subtracted from the fluorescence intensity of individual transition zones and cilia.
Structural homology modelling
Homology models were generated using ModWeb version r182 75, 76 .
Domain architecture prediction
Domain architecture predications were generated using JPred 4 and Topcons web servers 77, 78 .
Statistics and reproducibility
Statistical analyses were performed using Graphpad Prism 7.0a. Graphical data are presented as mean ± 95% confidence interval or mean ± standard deviation as specified in the figure legends. n values are stated in the figure legends and definition of n is number of transition zones ( Figures 4A, 4C , and 5A) or number of cilia ( Figures 4B, 4D , 5B, and 5C). P values are stated in the figure legends, and symbols indicate the following P values: ns, P > 0.05. *, P ≤ 0.05. **, P ≤ 0.01. ***, P ≤ 0.001. ****, P ≤ 0.0001. Two sample comparisons were performed using an unpaired t test with a two tailed P value. Multiple comparisons were performed using an ordinary one-way ANOVA, along with Tukey 
